We designed, fabricated and tested gallium phosphide nano-waveguides for efficient second harmonic generation (SHG). We demonstrate SHG in the visible range using low power continuous-wave pump in the optical communication O-band. In our structures, lower-order eigenmodes of the pump are phase matched to a higher order eigenmode of the second harmonic. We satisfy the phase-matching condition for the efficient SHG by varying the widths of the waveguides and tuning the wavelength of the pump. In addition, we simultaneously optimise the device geometry to achieve the maximum overlap integral between the pump and the second harmonic. Through these optimizations, we achieve a conversion efficiency of more than 0.3 % W −1 cm −2 .
presented results contribute to the development of integrated photonic platforms with efficient nonlinear wave-mixing processes for classical and quantum applications.
One of the key challenges of integrated quantum photonics is that the most efficient detection, storage and manipulation of photons are done in the visible spectral range, whereas the most efficient transmission of photons occurs at the telecom wavelengths. Nonlinear processes can be exploited to bridge this gap. 1, 2 The nonlinear material for the frequency conversion process should satisfy several requirements: transparency at both the telecom and the visible wavelengths, high nonlinearity and high refractive index to provide strong light confinement, which is essential for integrated photonic platforms. For these reasons, we have selected gallium phosphide (GaP) as the promising candidate for frequency-conversion.
It has a high refractive index (∼3 in the O-band), high second-order nonlinear parameter (d 36 of ∼50 pm/V in the O-band), good thermal conductivity for temperature tuning and broad transparency range from 550 nm to 11 um. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] As the first step for developing an integrated GaP platform for frequency conversion, we demonstrate the second harmonic generation (SHG) in nano-waveguides. The SHG is a well-studied process, being first demonstrated in crystalline quartz back in 1961. 17 This experiment is often considered as the birth of nonlinear optics, 17 followed by a detailed theoretical description of the nonlinear optical processes. 18 SHG remains the most studied and widely applied second-order nonlinear process among others. 19 Over these years, SHG has been studied extensively and used in bulk crystals and waveguides for a broad variety of applications, including lasers, pulse measurements, quantum optics, spectroscopy and imaging to name a few. [20] [21] [22] [23] Hence, more efficient platforms for SHG are always desirable for these applications. This motivates a strong interest in the community for studying SHG and other nonlinear frequency mixing processes in nano-structures made of a variety of materials.
This approach promises miniaturization of optical devices and leads to the development of scalable on-chip solutions for applications in quantum and nonlinear optics. 24, 25 A number of integrated platforms has been developed so far based on different nonlinear materials (lithium niobate, gallium arsenide, aluminium nitride and gallium nitride), and their comparison is provided in the supplementary material.
In this work, we designed and fabricated GaP based nano-waveguides to achieve high efficiency for SHG via modal-phase matching and strong mode overlap. Our idea is illustrated in Fig. 1. Figure 1(a) shows the conversion of the red-shifted IR wavelength to the blueshifted visible wavelength in a nonlinear medium. The conversion efficiency of this process depends on the phase matching and mode overlap integral between the pump and the SHG eigenmodes. As shown in Fig 1(b) , when the phase mismatch between the pump and SHG modes is zero (perfect phase matching), the SHG power increases along the length of the waveguide. When the phase mismatch between the pump and the SHG eigenmode is high, then the SHG power oscillates along the length of the waveguide transferring power back to the pump. Another important criteria for good SHG conversion efficiency is the mode overlap between the SHG and the pump eigenmodes as illustrated in Fig. 1(c) . The pump and the SHG eigenmodes with the lowest phase mismatch can have very low mode overlap.
In order to achieve a good conversion efficiency for SHG, we optimize the device geometery to obtain an optimum dimension that provides the lowest phase mismatch and the highest mode overlap integral between the SHG and the pump eigenmodes, see Fig. 1(d) . By adopting our design to the dedicated fabrication process, we increased the conversion efficiency from 1.22e-4 % W −1 cm −2 in the first batch of devices (referred to as WG1 henceforth) to more than 0.3 % W −1 cm −2 in the second one (referred to as WG2 henceforth). The theoretically estimated external and internal normalized conversion efficiency for the WG2 is 3.85 % W −1 cm −2 and 520 % W −1 cm −2 respectively. The coupling in and out of the device is realised by tapered couplers.
We consider two different waveguide designs. WG1 has the height of 215 nm, the top width varying from 280 nm to 420 nm and the side wall angle of 65 degrees. WG2 has the height of 330 nm, top width of 260 nm and the side wall angle of 85 degrees. Both WG1 and WG2 have a length of 1.5 mm excluding the tapered couplers. The tapered couplers have a Following the coupled equations (as detailed in the supplementary material), the highest conversion efficiency of SHG is observed for the second-harmonic eigenmodes that are phasematched and have high overlap integrals with dipolar eigenmodes of the first harmonic. We performed an optimization study by varying geometrical parameters of the waveguides and tuning the wavelength to identify those configurations that provide efficient SHG in the range of 630 nm to 680 nm for the dipolar first-harmonic eigenmodes. For the WG1, we found two second-harmonic eigenmodes that results in strong SHG. Figure 2 (a, c) and Figure 2 We fabricated nanostructures on silicon dioxide (SiO 2 ) on sapphire substrates. As shown in Fig. 3 , the GaP device layer (∼400 nm) is first grown on a gallium arsenide (GaAs) substrate by metal-organic chemical vapor deposition (MOCVD). Then this structure is directly bonded to the sapphire substrates after depositing ∼2 um SiO 2 layers on top of both surfaces. The GaAs substrate is then removed by wet etching. We start the fabrication of the GaP nano-waveguides with a standard wafer cleaning procedure (acetone, iso-propyl alcohol and deionized water in that sequence under sonication), followed by O 2 and hexamethyl disilizane (HMDS) priming in order to increase the adhesion between GaP and subsequent spin-coated electron-beam lithography (EBL) resist of hydrogen silsesquioxane (HSQ). After spin-coating of HSQ layer with a thickness of ∼540 nm, EBL and development in 25% tetra-methyl ammonium hydroxide (TMAH) defines the nano-waveguide regions in HSQ.
Inductively-coupled plasma reactive ion etching (ICP-RIE) with N 2 and Cl 2 is then used to transfer the HSQ patterns to GaP. Finally, ∼3. ∼400 kHz) is coupled into the waveguide using a tapered polarization-maintaining lensed fiber (OZ optics) designed for wavelengths around 1310 nm. We tune the pump wavelength from 1260 nm to 1360 nm in steps of 0.1 nm to offset the phase matching variations caused due to the uncertainty in the dimensions of the fabricated structures. An objective with a numerical aperture (NA) of 0.7 (Mitutoyo) is used to collect the higher-order second harmonic light output from the waveguide. The output from the objective is imaged using a charged coupled device (CCD) camera (uEye), which also gives the intensity readings. The CCD camera is preceded by a filter centered at 650 nm and having a bandwidth of 150 nm (Semrock). Another 10x objective and CCD camera is mounted above the structure to CCD-camera, MM-multi mode, M-mirror, PM-polarization maintaining, PD photodetector; (b) SHG output from waveguide on the CCD camera for H polarized input pump in the WG1; (c) SHG output from the waveguide on the CCD camera for V polarized input pump in the WG1; (d) Top view of the waveguide when pump light is coupled into one of the waveguides in the WG2, with the waveguide marked using an ellipse where the SHG generation can be observed; (e) Spectrum of SHG with the pump spectra given in the inset.
The lock-in amplifier (Signal Recovery) is phase-locked to the chopper rotating at a frequency of 500 Hz, which is used for modulating the SHG signal, and to the amplified photo-detector (PD, Thorlabs) to detect the SHG signal. Since the chopper reduces the power by half, it is introduced at the output of the waveguide for SHG instead of the input pump because of the quadratic dependence between the pump power and the SHG power.
SHG is studied in the waveguide for horizontal (H) and vertical (V) pump polarizations.
The polarization of the pump is set by rotating the tapered lensed fiber and testing the output from the fiber through a polarizer without the waveguides in the path.
For temperature dependence studies, we attach a power resistor to the waveguide mount, which dissipates the heat and increases the temperature of the waveguide mount. The mount temperature is monitored and stabilized using a thermistor and temperature controller in a feedback loop with the precision better than 1 deg. C.
Results
First we observe the mode structure of the SHG by using the CCD camera at the output of the chip. Overall from Fig. 5 , we observe that the experimental results for phase matching wavelengths for WG1 and WG2 for both H and V polarized inputs are closely following the simulations. The difference between the experimental and simulation results can be associated with the variations of dimension along the waveguide length and the side wall angle.
Next we performed the phase matching analysis in the WG2 structures. Figure 6 gives the phase matching bandwidth for one of the waveguide with the highest conversion efficiency. The top width of the waveguide is 215 nm, the height is 330 nm and the pump is H polarized. In Fig. 6 , normalized SHG amplitude is plotted as a function of the pump wavelength. We tested the WG2 by coupling the pump either from the left side (blue points) or the right side (red points) of the waveguide. There are multiple sinc-squared functions plotted in Fig. 6 to show that the experimental data is affected by the non-uniformity and stitching errors in the waveguides. 27 From Fig. 6 , we observe that, (1) there are multiple peaks for the SHG amplitude as the pump wavelength is varied and, (2) the phase-matching behaviour is different for pump input from the two different sides of the waveguide. These observations confirm that there are variations in the waveguide dimensions along the direction of propagation, which is consistent with the SEM data. The results in Fig. 6 also show that the effective interaction length for the average phase-matched wavelength is lower than 1.5 mm, which explains the lower experimental conversion efficiency compared to the theoretical predictions. We observe similar behaviour for the variation of SHG amplitude as a function of pump wavelength with two or more peaks for waveguides in WG1 and WG2.
Next we demonstrated the temperature tuning of the phase-matching wavelength. We heat the the GaP nano-waveguides in sample WG2 from 22 • C to 100 • C. Figure 7 plots the variation of the phase-matching wavelength as a function of the set temperature of the waveguide mount. We observe over 13 nm tuning of the phase-matching wavelength. This corresponds to a slope of ∼6 ( • C/nm), which is lower than the temperature slope of the commercially available periodically poled lithium niobate waveguide chip in this wavelength range. 28 Even though the conversion efficiency for WG2 is the highest obtained value, we achieve a conversion efficiency that is approximately within 10 % of this reported value in five out of eight fabricated waveguides. This demonstrates the stability of the design, fabrication and measurements. Moreover, we observed a direct correlation between the achieved conversion efficiency and the facet smootheness that in-turn depends on the laser dicing performance.
The total transmission for pump wavelengths in the waveguides in WG1 is approximately -10 dB. In WG2, we experimentally obtain the coupling loss/facet to be approximately 2.6 dB and propagation loss to be approximately 2.6 dB/mm, using nano-waveguides of varying lengths. The relatively high propagation loss in WG2 is currently under investigation and initial examination point towards the SiO 2 cladding roughness. The high propagation loss also contributes to the mismatch between the experimental and theoretical conversion efficiencies. Since the estimation of the coupling loss at the output for higher-order SHG mode is not possible, we provide the SHG conversion efficiency for WG2 using the pump power inside the waveguide and SHG power at the output of the waveguide. Thus, the normalized internal conversion of the WG2 is more than 0.3 % W −1 cm −2 . Supplementary material details the estimation of coupling and propagation loss in the WG2.
The dependence of the second harmonic power on the input pump power for WG2 is plotted in Fig. 8 internal and external normalized conversion efficiency for the WG2 is 520 % W −1 cm −2 and 3.85 % W −1 cm −2 , respectively. There is an ongoing effort to improve the fabrication uniformity and optimize the device design to achieve higher conversion efficiencies. We also note the influence of the experimental uncertainty in the sizes of fabricated structures on the spectral properties of SHG signal. This suggests the possibility of using SHG as a tool for the analysis of performance of integrated nonlinear devices.
In conclusion, we designed gallium phosphide nano-waveguides for SHG using modal phase-matching and for achieving the highest mode overlap integral. The fabricated devices generated second harmonic for low power continuous-wave input pump at a phase-matched This wavelength region is critical for quantum optics applications and the results demonstrated in this work will be useful for the development of nanophotonics nonlinear platforms for quantum optics.
Acknowledgement
We thank Victor Leong for his help in designing and building experimental systems. We acknowledge the support of the Quantum Technology for Engineering (QTE) program of A*STAR.
Supporting Information Available
The following files are available free of charge. 
Supplementary material: Second Harmonic Generation in Gallium Phosphide Nano-Waveguides Theory
In this work, we perform the optimization of waveguide parameters such that (1) a higherorder eigenmode of the second harmonic is phase matched to the dipolar eigenmodes of the pump, and (2) the mode overlap integral between the lower order eigenmode of the pump and the higher order eigenmode of the second harmonic signal is maximised.
The fields excited in the waveguide at the angular frequency ω can be given as a superposition of eigenmodes, 56
where E(r, ω) is the electric field, m is the eigenmode index, A m (z, ω) is the complex amplitude of the m th eigenmode along the propagation direction (z),Ẽ m (x, y, ω) is the spatial distribution of the electric eigen field in the waveguide cross-section plane, and β m (ω) is the propagation constant of the m th eigenmode. The eigen fieldsẼ m (x, y, ω) are normalized by the condition,
that corresponds to 1 W of total power transferred by the m th eigenmode in the z-direction, where µ 0 is the vacuum permeability. Then, SHG is governed by the coupled equation,
with the three eigenmode phase mismatch, ∆β mnl (ω), given by,
and the overlap integrals,
The second-order susceptibility tensor, χ
ijk (x, y, ω, 2ω), that defines the overlap integrals strongly depends on the waveguide composition. For waveguides made of GaP and embedded in the second-order inactive materials such as silicon dioxide, χ (2) ijk (x, y, ω, 2ω) strongly depends on its crystal orientation with respect to the waveguide. In the crystal axis basis (x , y , z ), it is given by the nonlinear tensor, d, under the Kleinman symmetry conditions, 19
In our analysis, we assume d 36 = 50 pm/V. 57 As the crystal axis basis (x , y , z ) is not necessarily the same as the waveguide axis basis (x, y, z), it is important to do the rotational transformation between the two bases for calculation of the overlap integrals. In our case, the crystal axis orientation of GaP is confirmed to be tilted. This observation is made from the comparison of the experimental measurements with numerical simulations, details of which are given in the next section.
Measurement of crystal axis orientation
The crystal axis of the thin film gallium phosphide (GaP) sample that is used for fabricating the devices is rotated 15 degrees towards the [111] as per the information provided by the vendor. This is verified by rotating the GaP thin film from 0 to 180 degrees around the normal to the thin film, measuring the second harmonic generation (SHG) from the thin film under the normal incidence of the pump and comparing the obtained experimental data with the simulations. Figure S10 present the results.
The experimental data (blue dots) is compared with the simulation results (red line) to verify that the crystal axis is rotated by 15 degrees towards the [111] axis. This is critical to the design of the nano-waveguides. 58, 59 There is a small angular shift of approximately 3 degrees between the simulation and the experiment, that is compensated in Fig. S10 , due to the rotation of the 0 degree definition in the experimental system. 
Loss estimation of waveguides
The Figure S11 gives the transmission in dB as a function of waveguide length in WG2 batch of waveguides. The blue dots represent the experimental data. The green continuous line with stars represent the fitted data. The black discontinuous line shows the extended plot of the fit to show the y-intercept (total coupling loss). From the fit and using the following equation,
we obtain the coupling and propagation loss of the fabricated structures in the WG2 batch.
In the Eq. S9, P out is the power measured with the waveguide in the beam-path, P in is the power measured without the waveguide in the beam-path, T coupl is the transmission through the coupler, α is the attenuation constant, and l is the length of the waveguide.
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The y-intercept in Fig. S11 is divided by two to obtain the coupling loss per facet and is approximately of 2.6 dB. The slope of the curve fit in Fig. S11 gives the propagation loss and is approximately of 2.6 dB/mm. Figure S11 : Experimentally obtained transmission (blue dots) through the waveguides in WG2 batch with different lengths and the curve fitting the results (green continues line with stars). The R-squared of the fit is of 0.93. 
